In previous studies, we reported that pretreatment with the antioxidant Tempol attenuated the development and expression of cocaine-induced psychomotor sensitization in rats and diminished cocaine-induced oxidative stress (OS) in the prefrontal cortex (PFC) and nucleus accumbens (NAc), suggesting a potential role for Tempol in interfering with cocaine-related psychomotor sensitization. The aim of the current study was to examine the role of Tempol in reward and reinforcement using the conditioned place preference (CPP) paradigm. We found that administration of Tempol during the conditioning session abolished the expression of cocaine-induced CPP. We also found that OS was significantly elevated following the establishment of CPP, and that cocaine-induced OS was significantly diminished by pretreatment with Tempol during conditioning. Furthermore, we found that repeated, but not single, administration of Tempol for seven days during withdrawal from CPP resulted in significant attenuation in the expression of CPP. Moreover, Tempol did not affect the expression of food reward. Taken together, these findings provide evidence for the involvement of Tempol in regulating cocaine rewarding properties without affecting natural rewards. Since Tempol was found to be effective in reducing OS and expression of CPP following withdrawal, it may be a potential treatment for cocaine addiction.
Cocaine is harmful to almost all organs. Aside from addiction, it may lead to cardiotoxicity, hepatotoxicity, nephrotoxicity, and even to retinal damage [1] [2] [3] [4] . In the central nervous system (CNS), cocaine use may result in neurotoxicity, neuroinflammation [5] [6] [7] [8] and neurodegeneration 9, 10 . Evidence associating the harmful outcome of cocaine toxicity with oxidative stress (OS) has accumulated during the last decade, and it is believed to play a main role in the negative consequences of cocaine intake. OS is defined as imbalance between the formation of reactive oxygen species (ROS) or reactive nitrogen species (RNS), and endogenic compensative antioxidant system activity. The CNS is the most vulnerable to OS, because of its high oxygen consumption and high levels of polyunsaturated fatty acids.
Cocaine is a very potent psychostimulant. Its stimulating and euphoric effects result from an increase in dopamine (DA) and other catecholamine levels in the mesolimbic DA system caused mainly by blockage of their reuptake into dopaminergic terminals. As a result of cocaine intake, its toxic oxidative metabolites as well as DA metabolites are increased 5 , among them toxic products of DA autoxidation 11 . It has been demonstrated that cocaine induces OS in several brain areas by increasing hydrogen peroxide and nitric oxide (NO) synthase (NOS) 12, 13 . Cocaine-induced OS leads to oxidation and apoptosis 14, 15 , and elevates lipid peroxidation metabolites 13, 16, 17 . Cocaine administration may result not only in ROS and RNS elevation, but also in a depletion of the enzymatic components of the endogenous antioxidant defense system, including catalase (CAT), superoxide-dismutase (SOD), and glutathione-peroxidase [18] [19] [20] . Moreover, cocaine exposure has also been linked to reduction of non-enzymatic antioxidant levels 20 , including reduced glutathione (GSH) or vitamin E, resulting in elevated ROS and damaged brain function 21, 22 . Thus, the need for a suitable agent that will diminish cocaine-induced OS has been raised. A member of the nitroxide family, Tempol (4-hydroxy-2,2,6,6 tetramethylpiperidine-N-oxyl), is a unique antioxidant with several advantages, such as membrane permeability 23, 24 , penetration of the blood brain barrier 6, 25 , and most importantly, ability to mimic SOD activity 26 . Together, these properties render Tempol a suitable candidate to provide neuroprotection against cocaine toxicity.
Previously, we reported that pretreatment with the antioxidant Tempol diminished cocaine-induced oxidative damage in vitro in the PC12 cell line, ex vivo in slices containing the nucleus accumbens (NAc) and prefrontal cortex (PFC), and in vivo following acute and chronic cocaine exposure 16, 27 . Subsequently, Tempol was shown to attenuate both cocaine-and methamphetamine-induced OS 28, 29 . Importantly, we demonstrated that pretreatment with Tempol attenuated the development and expression of cocaine psychomotor sensitization in rats via decreased OS in the NAc and PFC 16 . Recently, it was found that microinjections of Tempol to the NAc shell blocked morphine conditioned place preference (CPP) through the mGluR5 signaling pathway 30 , emphasizing the important role of OS induced by other drugs of abuse.
Since we have previously demonstrated that Tempol prevents cocaine-induced psychomotor sensitization, in the current study we aimed to evaluate the effect of Tempol on cocaine reward using the CPP paradigm. We tested the effect of Tempol on the acquisition of cocaine reward when administered as a pretreatment to cocaine during CPP conditioning. We further tested the ability of Tempol to interfere with the expression of cocaine CPP when administered during withdrawal following CPP.
Materials and Methods
Animals. Sprauge Dawly male rats (Harlan Laboratories, Jerusalem) weighing 90-100 gr were kept in groups of four with food and water available ad libitum. A 12-hour light/dark cycle was used with the lights on at 7:00 A.M. All experiments were performed according to the guidelines of the Institutional Animal Care Committee of the Hebrew University (Jerusalem, Israel). The joint ethics committee (IACUC) of the Hebrew University and Hadassah Medical Center approved the study protocol for animal welfare. The Hebrew University is an AAALAC International accredited institute. The experiments were designed and performed in a manner that aimed to minimize the discomfort of the animals.
Conditioned place preference (CPP).
The CPP apparatus (Med Associates) consists of two visually distinct conditioning compartments. One contains white-colored walls and wire mesh flooring (28 cm × 21 cm) while the other has black-colored walls and steel rod flooring (28 cm × 21 cm). The compartments are connected by a smaller center compartment (12 cm × 21 cm). Infrared beams located at the bottom of the wall allow assessment of animal preference for each compartment. CPP experiments were carried out at predefined times of day. Following a 3 day acclimation, a biased CPP design was conducted as follows: the animals were placed in the central gray compartment for 5 min and then they were free to explore all three compartments for 15 min. The time spent in each compartment was analyzed by automated software and the results were used to determine the initial preference. The least preferred compartment for each subject was then assigned to be the drug-paired compartment. The conditioning period began one day following the habituation session. Cocaine or saline injections were given each day. The animals received four saline (1 ml/kg, i.p.) and four cocaine (15 mg/kg, i.p.) injections on alternating days and were confined to the allocated compartment for a 15 min period. Thus, a total of 8 days of training were conducted. To evaluate the establishment of cocaine-induced CPP, we tested the animals one day following the last conditioning day, unless otherwise stated in the text. Each animal was placed in the central compartment for 5 min followed by a 15 min period of free access to all compartments. CPP score was defined as the percentage determined by: 100*(time spent in drug-paired chamber − time spent in saline-paired chamber)/ (time spent in drug-paired chamber + time spent in saline-paired chamber). To test whether Tempol has aversive or reinforcing properties by itself, we conducted CPP procedure identical to cocaine-CPP as described above, using Tempol (200 mg/kg) as the pairing agent.
For food-induced CPP, animals were deprived of food during all the conditioning period in order to lower their body weights by 10-15%. 10 min prior to the conditioning sessions, two groups of animals received daily i.p. injection of Tempol (200 mg/kg) or saline (1 ml/kg) 10 min prior to the exposure to the CHEETOS ® -containing chamber. On alternating days during the conditioning period, the animals were placed in the non-preferred chamber with CHEETOS ® , while on the next day an empty dish was introduced at the opposite chamber. On the test day, the same procedure was used as in the case of cocaine induced CPP.
When Tempol was administered during withdrawal, the standard cocaine CPP protocol was conducted. One day after completion of conditioning to cocaine, half of the rats from each treatment group received daily injections of Tempol (200 mg/kg) for seven days, while the other half received daily injections of saline (1 ml/kg). On the 7th day, the CPP test was performed as described above.
Assessment of lipid peroxidation. 24 hours following cocaine-induced CPP, animals were euthanized and their brains were immediately removed. PFC and NAc were microdissected, homogenized and analyzed for OS. The extent of lipid peroxidation in animal brain tissue was estimated colorimetrically using the thiobarbituric acid reactive substances (TBARS) method as we have previously described 16 . Briefly, 0.1 ml aliquots of tissue homogenates were treated with 2 ml of (thiobarbituric acid (TBA)-TCA-HCl 1:1:1 ratio) reagent containing: thiobarbituric acid 0.37% (Sigma, St. Louis, USA) -TCA 15% (Baker, NJ, USA) -HCI 0.25 N (1:1:1 ratio). Samples were heated to 95 °C for 30 min, cooled on ice and centrifuged (12,000 rpm, 10 min). The clear supernatant fluids were measured at 535 nm with a microplate reader (Bio-TEK ELx, Winooski, VT, USA). A malonaldehyde bis (dimethyl acetal) (Sigma, St. Louis, USA) standard curve was prepared under the same experimental conditions. Calculations were made on the basis of standard curves and presented as µmol malondialdehyde (MDA)/g protein.
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Evaluation of nitrites. 24 hours following cocaine-induced CPP, animals were euthanized and their brains were immediately removed. PFC and NAc were microdissected, homogenized, and analyzed for OS. Tissue homogenates were interacted (1:1) with Griess reagent consisting of: 0.1% naphthylethylenediamine dihydrochloride (Sigma, St. Louis, USA), 1% sulfanilamide (Sigma), and 2% H 3 PO 4 . Fifteen minutes later, the absorbance of the clear supernatant fluid was measured at a wavelength of 540 nm with a microplate reader (Bio-TEK ELx, Winooski, VT, USA). A sodium nitrite (Sigma, St. Louis, USA) standard curve was prepared under the same experimental conditions. Results are presented as µmol sodium nitrites/g protein 31 .
Statistical analysis. Effect of treatment on acquisition of cocaine-induced CPP was assessed with one-way ANOVA followed by posthoc Tukey HSD tests when significant. To evaluate significance of CPP, one sample t-test was used. For multiple comparisons between groups, we used one-way ANOVA followed by Tukey HSD post hoc tests. Data are presented as mean ± S.E.M. The accepted value of significance for all tests was set at p < 0.05 and indicated by asterisks in the figures. All group sizes and significant differences are reported in the figure legends. The statistical analysis was performed using IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY.
Results
Tempol abolished the acquisition of cocaine CPP. We first evaluated whether pretreatment with Tempol affects the acquisition of CPP induced by cocaine. As shown in Fig. 1A , the administration of Tempol (200 mg/kg), a dose that did not affect acute locomotor response 16 10 min prior to each cocaine or saline injection during each conditioning session, completely abolished the acquisition of cocaine-induced CPP. In the test, a significant effect of treatment was revealed by one-way ANOVA (F 3,39 = 8.54, p < 0.01). The Tempol-cocaine group did not demonstrate CPP, and did not differ from the groups that had not been treated with cocaine (saline-saline and Tempol-saline groups). Significant preference was found only in the saline-cocaine group (one sample t-test: t = 4.21, p < 0.01). Post-hoc Tuckey HSD tests revealed that this group differed from other groups (p < 0.05). These results suggest that pretreatment with Tempol during conditioning abolishes the expression of cocaine-CPP.
The possibility that Tempol itself might induce preference or aversion in the CPP paradigm was also examined. The typical CPP protocol was conducted, except that Tempol was employed as the paired agent instead of cocaine. Figure 1B shows that rats conditioned with Tempol (200 mg/kg) did not show any significant changes in CPP score compared to the control saline group (treatment effect: F 1,28 = 0.15, p = 0.70), indicating that Tempol administration had no rewarding or aversive properties.
Tempol does not attenuate food-induced CPP.
Since Tempol blocked the acquisition of cocaine-induced CPP (Fig. 1A) , it was also important to evaluate whether it could affect the preference for natural rewards. Therefore, we tested several natural food reinforcers and found that rats were attracted to CHEETOS ® snack (CHEETOS ® ). Accordingly, rats were conditioned to CHEETOS ® as described in the Methods section. CHEETOS ® induced CPP, though to a lesser degree than cocaine. However, as shown in Fig. 2 , Tempol had no effect on food-induced CPP. The CPP scores of rats that had been treated with Tempol did not show any significant differences from rats that received saline, as confirmed by a one-way ANOVA (treatment effect: F 1,28 = 0.09, p = 0.76). The results indicate that although Tempol has a distinctive effect on cocaine reward, it does not interfere with natural rewards such as food.
Tempol during the conditioning period reduces cocaine-induced OS. To examine whether cocaine induces oxidative damage during cocaine-CPP and whether Tempol can alter these changes, OS was evaluated following cocaine-induced CPP. The results presented in Fig. 3 demonstrate a significant effect of treatment on levels of MDA (µmol MDA/g protein), a lipid peroxidation indicator, as confirmed by one-way ANOVA both in the PFC (F 3,28 = 5.81, p < 0.05) and in the NAc (F 3,28 = 5.33, p < 0.05) (Fig. 3) . Similar results were obtained with respect to nitric oxide radical metabolite levels (indicated by nitrite levels, nmol sodium nitrite/g protein, Fig. 3 ) both in the PFC (F 3,28 = 4.26, p < 0.05) and NAc (F 3,28 = 4.16, p < 0.05). Administration of Tempol prior to cocaine induced a significant decline in MDA levels as compared with saline/cocaine treatment in both the PFC (p < 0.01) and NAc (p < 0.05), such that MDA values in the Tempol/cocaine group did not differ from those in the saline/ saline group in both the PFC (p > 0.05) and NAc (p > 0.05). Nitrite levels following Tempol/cocaine treatment showed a significant decrease relative to saline/cocaine treatment in both the PFC (p < 0.05) and NAc (p < 0.05) and did not differ from the values observed after saline/saline treatment both in the PFC (p > 0.05) and NAc (p > 0.05). These results suggest that Tempol given during conditioning significantly reduced cocaine-induced OS.
Tempol administered during withdrawal abolished the expression of CPP. Having found that
OS levels were increased following cocaine conditioning, we hypothesized that administration of Tempol during withdrawal would negatively affect cocaine-CPP. We first examined whether a single injection of Tempol one day following CPP, will interfere with the expression of CPP.
Therefore, a typical cocaine-induced CPP protocol was performed, except that on the test day, rats were divided into two groups and then received a single injection of either Tempol (200 mg/kg) or saline (1 ml/kg) immediately prior to testing. Figure 4A shows that the expression of CPP was evident and that the CPP scores did not reveal any significant difference between the two groups (treatment effect: F 1,28 = 0.99, p = 0.32). These results suggest that a single injection of Tempol prior to the test is not sufficient to interfere with the behavioral outcome of CPP. Moreover, it demonstrates that Tempol has no effect on the state of the animal at the time of the test, ruling out the possibility that Tempol interferes with the expression of CPP regardless of previous experience during cocaine conditioning. Thus, we hypothesized that chronic treatment with Tempol will have a stronger impact on the expression of CPP. Therefore, we performed the CPP protocol as above described. One day following the CPP protocol, half of the rats from each treatment group received daily injections of Tempol (200 mg/kg) for seven days, while the other half received daily injections of saline (1 ml/kg) for seven days, including the test day. On the 7 th day, the CPP test was performed. Figure 4B clearly demonstrate that chronic treatment with Tempol (but not acute single exposure) abolished the expression of cocaine CPP. A significant effect of treatment was found in the cocaine/Tempol group (F 3,34 = 3.05, p < 0.05). Preference for the cocaine-paired chamber was observed only in rats treated with saline (cocaine/saline) as compared to the rats treated with Tempol (cocaine/Tempol) (one sample t-test: p < 0.01). Thus, daily administration of Tempol following conditioning completely abolished cocaine-induced CPP.
Discussion
Our previous findings suggest that Tempol exerts a protective effect against cocaine toxicity by diminishing cocaine-induced OS in the NAc and PFC, not only when given prior to acute exposure to cocaine but also when given prior to repeated cocaine administrations 16 . In addition, we found that Tempol have a protective effect by attenuating the development and expression of cocaine psychomotor sensitization 16 . These results led us to hypothesize that the involvement of Tempol in reducing cocaine-induced sensitization is not unique to this type of cocaine-induced behavior and that Tempol may have a beneficial effect on other cocaine-related addictive properties, such as the rewarding effect of cocaine.
Based on this hypothesis, the present study shows that Tempol is indeed involved in regulating cocaine reward as measured by the CPP model in rats. The results indicate that administration of Tempol immediately prior to each cocaine conditioning session abolished the preference for cocaine, suggesting that Tempol impairs the acquisition of cocaine CPP. The substantial behavioral changes in the Tempol-administered animals were correlated with attenuation of cocaine-induced oxidative damage in their NAc and PFC, as estimated by measurement of lipid peroxidation metabolite levels and nitrite levels. These results suggest that the beneficial contribution of Tempol in reversing cocaine reward is mainly due to its antioxidant properties.
We demonstrated that Tempol impaired cocaine-conditioned reward and prevented OS when administered prior to cocaine. The half-life of Tempol following acute injection is expected to last more than 10 min 32, 33 , which was the time difference between Tempol and cocaine injections in the current study. Thus, Tempol was still in circulation when cocaine was injected. However, in order to use Tempol to prevent cocaine-induced behaviors after withdrawal from cocaine, we tested its ability to interfere with reward processing following acquisition. We found that a single injection of Tempol following cocaine conditioning and prior to the test was not sufficient to impair cocaine CPP. Since a single injection was not sufficient, repeated daily injections of Tempol for seven days following conditioning were performed and they indeed abolished the expression of CPP. These results suggest that antioxidants such as Tempol are effective in interfering with reward processing and associative learning even when they are not paired with drug exposure and given during abstinence. Similarly, abolishment of morphine CPP was found when Tempol was microinjected to the NAc shell following morphine conditioning and immediately prior to CPP tests 30 . Together, these findings suggest that production of ROS is critically involved in the establishment of CPP and may be manipulated using antioxidants. Moreover, these studies clearly suggest that antioxidants given after establishment of addictive behaviors can serve as a new approach to drug therapy. It should be noted, however, that when Tempol was given in a single dose following conditioning to cocaine, it failed to attenuate expression of CPP, suggesting that repeated antioxidant administration is required.
Natural rewards such as food can also motivate animals and induce CPP. The necessity of the anti-oxidative properties of Tempol in reversing drug-induced behaviors was substantiated by the absence of the effect of Tempol on snack-food CPP. Palatable food consumption increases DA levels in the reward system 34 and therefore we assume that as a result, the level of ROS is elevated, but to a much lower extent as compared to drugs of abuse. Our results are in line with a previous study showing that systemic administration of ROS scavengers including Tempol attenuated METH-induced locomotor activity and self-administration without affecting food consumption 29 . Furthermore, this study demonstrated an increase of OS in the NAc of METH self-administering rats. Taken together, these results suggest that Tempol and non-specific scavengers could diminish cocaine-or METH-induced ROS formation specifically, without affecting food intake.
One of the main questions raised by the current study deal with the molecular mechanisms underlies the involvement of OS in reward processing and addiction. It is well accepted that the molecular machinery that sub serve learning and memory is "hijacked" by drugs of abuse 35 . Among the first direct evidence that link cocaine action to synaptic changes was the findings that a single cocaine injection resulted in an increase of AMPA/ NMDA receptors current ratio in VTA DA neurons, an indicator for in vivo like LTP 36 . Subsequently, it was shown that repeated injections of cocaine or other drugs of abuse elevate this ratio during the period of drug exposure 37 and following withdrawal 38 . Furthermore, it was demonstrated that following withdrawal from repeated cocaine injections or self-administration, the levels of GluA1 of AMPA receptor (AMPAR) were increased in the NAc 39, 40 . It was therefore suggested that these changes are responsible for cue-induced reinstatement in several behavioral . We have previously shown that withdrawal from repeated cocaine injections increases NMDA receptors (NMDAR) redistribution the synaptic membrane which in turn activates the MAPK signaling pathway that eventually leads to an increase in synaptic GluA1 in the NAc 40 . Taken together, these results suggest that GluA1 is one of the main targets for cocaine-induced neuroadaptations. NMDAR stimulation also leads to neuronal nitric oxide synthase (nNOS) activation, and thus to NO formation 41 . A direct evidence linking between OS and synaptic changes was demonstrated when NO formation was found to induce GluA1 S-nitrosylation that was shown to prevent AMPAR binding to the AP2 protein complex of the endocytotic machinery 42 . As a result, the increase of synaptic AMPAR expression and conductance was reported. Based on these studies, it is tempting to speculate that OS induced alterations in the function of synaptic proteins, such as the NMDAR or AMPAR, that play a pivotal role in the development and expression of cocaine addiction and antioxidants such as Tempol can reverse the oxidative damage and therefore can attenuate cocaine-induced behaviors.
It is well established that increased DA transmission within the reward system is associated with the behavioral response to cocaine. It was suggested that following cocaine self-administration, the accumulation of dopamine and its metabolites in the brain results in increased production of ROS (e.g. dopamine quinone and 6-hydroxydopamine) 11, 43 . It was also proposed that enhanced ROS production might occur by oxidized metabolites of cocaine (e.g. norcocaine derivatives), throughout redox cycling involving several possible electron transfer , or by brain microsomes 44 . Recently, it was shown that both cocaine and methamphetamine increase oxidative stress, and two ROS scavengers, Tempol and PBN, significantly attenuated cocaine-or METH-self administration and significantly reduced the enhancement of DA release in the NAc of self-administrating rats 28, 29 . Therefore, it is likely to assume that the abolishment of cocaine conditioned reward by Tempol is partly due to the reduction of DA release in the NAc, and as a consequence decreased damage to key proteins mediating the reinforcement properties of cocaine.
In conclusion, our study provided evidence for the interaction between Tempol and cocaine administration and demonstrated that Tempol inhibited the acquisition and expression of cocaine CPP, suggesting that Tempol regulates the rewarding properties of cocaine. This study, which increases our understanding of the pharmacological function of Tempol and its relationship with cocaine neuroadaptations in the CNS, may implies Tempol as a potential target for pharmacological treatment of cocaine addiction.
